ABSTRACT. To identify evidence of essential fatty acid deficiency, we screened 64 patients with cystic fibrosis by analyzing total lipid extracts from plasma. Forty-three had an abnormal linoleate (18:2) level (less than 26%). Thirteen deficient patients (aged 10-24 yr) ingested for 1 yr 7% of their total calories as linoleate derived from a daily supplement of Microlipid. Five deficient patients (aged 10-37 yr) served as controls. Plasma and erythrocyte fatty acid composition were monitored by gas chromatography of total lipid extracts seven times during the twelve month period. Prostaglandins E2 and FZa and their 15 keto 13, 14 dihydrometabolite, 6-keto F,,, and thromboxane B2 were measured by radioimmunoassay. Sweat tests, oxygen saturation, growth indices, clinical severity scores, compliance, and possible side effects from taking Microlipid were followed. Results showed that oral supplementation with Microlipid can significantly increase plasma and erythrocytes %18:2. One compliant patient died during the study and had normal tissue 18:2 levels. Nine of 13 patients gained more weight while taking Microlipid than in the previous year. No significant changes in sweat electrolytes, clinical scores, or oxygen saturation were found during the study year. Prostaglandin metabolites prostaglandin E2 showed an upward trend in supplemented patients, compared to controls. Prostaglandin FZa remained unchanged over 1 yr but showed a trend significantly downward over the final 6 months in supplemented patients. We conclude that linoleate deficiency can be corrected with daily Microlipid supplements and that correction may alter prostaglandin metabolism (Pediatr Res 20: 36-41, 1986) Abbreviations CF, cystic fibrosis 18:2, linoleate PGM, 13,14-dihydro-15-PGFza PG, prostaglandin EFA, essential fatty acid RBC, red blood cells Several workers (1 -3) have demonstrated markedly decreased concentration of essential fatty acid (EFA) in plasma from CF patients. The major changes include a decreased level of the predominant EFA, linoleate (1 8:2), and increased palmitoleate
(16:l) and oleate (18:l) . A variety of proposals has been offered to account for these abnormalities including pancreatic insuficiency leading to malabsorption of fatty acids (4), reduced dietary intake of fats containing 18:2, and liver disease in CF which causes reduced production of bile acids and thus increases fat malabsorption (5) . Of greater importance than abnormal fatty acid levels is the potential for these fatty acid alterations to cause growth retardation, membrane dysfunction, and specifically derangement of prostaglandin metabolism which could affect lung function in CF. Previous studies attempting to assess 18:2 supplementation (6, 7) have had mixed success, but have demonstrated that low 18:2 levels occur commonly in CF. Because other studies have not looked comprehensively at effectiveness of supplementation and biochemical and clinical results of supplementation, we believed it was important again to assess feasibility and success of 18:2 supplementation in patients with CF and to comprehensively examine the influence of supplementation on clinical status, red cell membrane, fatty acid composition, and selected biochemical parameters including PG metabolites. Many pieces of the puzzle of the biochemistry of CF have been studied but only by looking at the whole picture can importance of individual puzzle pieces be understood.
MATERIALS AND METHODS
Patient selection. Sixty-four randomly selected patients aged 7 yr or older cared for at the University of Wisconsin Cystic Fibrosis Care, Teaching and Research Center had measurements of fatty acid composition of plasma total lipid extracts. These subjects were at least 1 h postprandial at the time of blood drawing. Fifteen, or 35%, of the EFA-deficient patients aged 10-24 yr (plasma 18:2 < 26% of total fatty acid) agreed to take Microlipid (Microlipid graciously supplied by Organon Pharmaceuticals) (samower oil emulsion containing 72% linoleate) in a dose such that 18:2 supplied 7% of their total daily caloric intake for 1 yr. The supplement was given along with pancreatic enzymes. Any patient not tolerating Microlipid or showing poor compliance would have been removed from the study at 6 wk but no patient had difficulty. Supplemented patients all had pancreatic insuficiency evidenced by clinical symptoms, a plasma carotene level below 50 pgldl, and a previously demonstrated need for vitamin E supplementation as indicated by a plasma tocopherol level less than 500 pg/dl. Thirteen patients completed the study with two patients dying at 7 and 9 months, respectively. Five other EFA deficient CF patients (ages 10-37 yr) were studied identically but did not receive supplemental linoleate and served as concurrent controls. The protocol was approved by the University of Wisconsin Committee for the Protection of Human Subjects and informed consent obtained from each participant.
Procedure. All patients admitted to the study were taught to record a 4-day diet history. Dietary records were obtained at the (10) were also part of the initial assessment. After dietary analysis, Microlipid was given at a dose of approximately 1 ml/kg/day which calculated to provide linoleate as 7% of the total daily caloric intake. At 2, 6, and 12 wk after starting Microlipid, and every 3 months thereafter, the initial assessment was repeated except for the sweat test, spirometry, and chest radiographs which were repeated at 6 and 12 months. Initially, patients were asked to come to the clinic in a fasting state but compliance was poor secondary to long distances traveled by several subjects who became ill if traveling on an empty stomach. Therefore, subjects were told to eat a nonfat containing breakfast and were at least 1 h postprandial at the time of blood sampling. Compliance was assessed at each visit and by a questionnaire administered by EHM at 6 and 12 months. Subjects were asked how Microlipid was taken, how they felt about taking Microlipid, how often they missed a dose, and what side effects (feeling of fullness, nausea, vomiting, loss of appetite, bad aftertaste, diarrhea, stomach cramps), if any, were noted.
Techniques. Plasma and red cell fatty acid analyses were performed using procedures established in this laboratory (1 1). In general, plasma samples were extracted for total lipid by the Bligh and Dyer (12) technique, methyl esters were prepared by transesterification with methanol/BF3, and gas chromatography was carried out using a Hewlett-Packard 5830A instrument. Samples were stored at -20" C until analyzed, but erythrocytes were always extracted within 2 days of collection. Autopsies were performed within 24 h on the two patients who died during the study and tissues obtained (heart, lung, liver, psoas muscle, and perirenal fat) were extracted for total lipids by the method of Radin (13) . The final washed chloroform layer was dried under nitrogen, transesterified, and then gas chromatography performed to evaluate the fatty acid composition.
The normal values for plasma and red cell fatty acids were determined by studying 24 healthy children and young adults (most of whom were employees of the University of Wisconsin or their children) aged 3-35 yr. Normal values for linoleate levels in tissues of children were obtained at autopsies performed on a 0.6 yr old who died of Reye's syndrome (liver was not abnormal in fatty acid composition), a 1.4 yr old who died of laryngomalacia with cor pulmonale, heart failure, and respiratory arrest, and frozen samples of tissues from the National Diabetes Foundation of children aged 0.4-1 1 yr of age who died unexpectedly but who had good nutrition. Four to six sets of normal pediatric tissue specimens were obtained from the above for fatty acid analysis. The tissue values for a control group of CF patients were obtained from six adolescent patients with malabsorption who died of chronic lung disease and cor pulmonale.
Analysis of tocopherol (vitamin E) in plasma was carried out by colorimetric methods applied to plasma lipid extracts, as described previously (14) ; this technique permits simultaneous determination of carotene.
Blood samples (20 ml) for plasma PG measurements were drawn from the antecubital vein into plastic syringes. The samples were withdrawn slowly using gentle mixing to minimize hemolysis. The blood was immediately transferred to chilled polypropylene tubes containing 1.6% indomethacin (0.0 1 ml/ml blood) and 2% EDTA (0.09 ml/ml blood) and centrifuged at 2000 x g, 4" C, for 30 min. The plasma was pipetted into polypropylene tubes and frozen at -70" C until analysis. These frozen samples were coded and mailed by overnight mail packed in dry ice to Dr. Richard Lemen for analysis.
Plasma PGs were extracted with ethyl acetate-petroleum ether followed by column separation (1 5) . The percent recovery (60-90% for all PGs) was measured for each study and was included in a correction factor when calculating plasma concentrations. Prostaglandins were measured by radioimmunoassay using single antibody techniques. The stable metabolites of PGI, and TxA2, i.e. 6-keto-PGF,, and TxB2 were measured respectively, as well as PGE2, PGF,,, and PGM. Standards were run in duplicate with each assay and plasma samples were run in triplicate. Data were reported as mean values. Tritiated PGs and PG standards were purchased from New England Nuclear Co. and Upjohn Co., respectively. Antibodies to 6-keto-PGF,,, TxB2, PGE,, and PGF2, were purchased from Seragen, Inc. Antibody to PGM was provided by Dr. Ray Haning, University of Wisconsin School of Medicine.
Plasma exhibits parallelism to pure PG standard curves in concentrations of 30-2000 pg/ml. This indicates the absence of inhibitors to PG binding. The within-sample coefficient of variation was 1-1 0% for standards and 10-25% for plasma. The sensitivities of the assays are: 6-keto-PGFI,-10 pg/ml; TxB2-3 pg/ml; PGE2-25 pg/ml; PGF2,-30 pg/ml; PGM-95 pg/ ml. Antibody cross-reactivity was measured at less than 2% for all PGs except for PGM which reacts equally with the analogous PGE2 metabolite within our range (16) . Standard curves were linearized using logit transformation and plasma levels were calculated with a programmable calculator.
Data analysis was accomplished using the paired Student's t test and nonparametric testing. Comparison of NIH scores, O2 saturation by ear oximetry, sweat test results, and comparison of plasma and erythrocyte 18:2 levels before and after supplementation was done by paired Student's t test. The PG concentrations were tested for time trends using a pooled T 7 , Kendall's nonparametric correlation coefficient (17) . This statistic compares the number of increasing pairs of data points (i.e. X, >X2 and Y, >Y2) with the number of decreasing pairs (X, >X2 and Y, >Y2). The number of increasing and decreasing pairs was determined for each patient. The correlation coefficient is the difference between the within group total number of increasing pairs minus the within group total decreasing pairs divided by their sum. The exact mean and variance for the number of increasing pairs was calculated for each person under the assumption of no time trend. A Z statistic was calculated for each person, and these were combined to form the Z statistic for the entire group.
RESULTS
Patients were coded with a letter of the alphabet. The five controls are A through E and the 13 supplemented patients are F through R. Screening plasma carotene values were low (< 50 pg/dl) in all subjects at the initiation of the study indicating the presence of malabsorption. Table 1 illustrates the clinical scores, growth, and dietary assessment data in both patient groups. As noted, NIH scores did not change significantly for either group over the period of supplementation. Supplemented patients did not have a significant change in calories or non-Microlipid linoleate intake over the 12-month period of time. The diets of the supplemented and control patients provided averages of 8.6 g and 2.8% cal as linoleate, respectively, which is equal to the recommended dietary allowance of 3% of total daily calories provided by linoleate (18) . Nine of 13 supplemented patients gained more weight during the 2nd yr while taking Microlipid, whereas two control patients gained more weight during the $ -12 months = 1 yr before study, 0 = start study, +12 = finish study. Minor symptomatic side effects from taking the supplement were a feeling of fullness reported by three patients, nausea in three, loss of appetite in two, bad aftertaste reported by three, stomach cramps in three, and diarrhea occurred in two subjects. Three of 13 respondents reported that an unpleasant aftertaste was a major side effect. Reasons volunteered for taking Microlipid included that it would improve their health according to 12 respondents. Nine subjects reported that they were taking Microlipid to help CF research. No subject thought Microlipid tasted good and three reported they would quit as soon as the 12-month study period was completed. Table 2 describes the plasma and RBC % 18:2 of total fatty acids at the beginning of the study (time 0) and every 3 months thereafter. Compared to the normal mean values in our laboratory (34.65 + 3.91), the mean 18:2 levels of the supplemented patients at 3 months had risen above the normal mean -2 SD and were significantly elevated ( p < 0.0001) at the end of the study period when compared to time 0. The same trend was observed in RBC % 18:2 ( p < 0.0005). The control group remained deficient in plasma and RBC 18:2 throughout the study. Arachidonate levels (20:4w6) did not change with supplementation. Although 1 I supplemented subjects had detectable CORRECTION OF LINOLEIC ACID DEFICIENCY 39 plasma levels of 5,s 1 I-eicosatrienoic acid (20:3w9), the pathologic triene found in EFA deficient individuals (19) at the start of the study, only four had detectable levels after one year of supplementation. In the control group, five of five individuals had 20:3w9 detected throughout the study.
Tissue Linoleate in Cystic Fibrosis
The linoleate concentrations in tissues from a compliant study patient who died at 6 months compared to linoleate tissue data from nonsupplemented CF patients and normal children are shown in Figure 1 . The supplemented patient dying at 9 months described significant noncompliance in taking the supplement and tissue results could not be interpreted, whereas the other supplemented patient rarely missed a dose of Microlipid. This patient had tissues which contained percent linoleate levels within I SD of normal except for levels of 18:2 in psoas muscle which was within 2 SD of normal.
Representative prostaglandin data for supplemented and control patients are presented in Table 3 . A weighted average is obtained as the baseline level by averaging the result of the 0-, 2-, and 6-wk sample for each parameter. Because SDs were large for the PG metabolites measured at each of seven different intervals, PG levels were evaluated for time trends during the year using the pooled Kendall's T (17) . A positive Z statistic indicated an upward trend and a negative Z statistic a downward trend. Table 4 describes the results of this analysis for metabolite 6-keto-F,,, thromboxane Bz, PGM, PGF2,, and PGE2 for the entire year and the period 6 to 12 months. Over the 1-yr period, metabolite 6-keto-F,,, thromboxane Bz, and PGM all were significantly increased in both the Microlipid and the control groups. PGE, increased in the supplemented group with PGF2, not changing significantly; however, the control group had a decreasing trend in PGF2,. Focusing on an analysis of the last 6 months of the study using a one-sided p (compliance was unchanged), we found that the controls show only a significant increase in 6-keto-F,, and decreased PGF2,, whereas all of the metabolites were significantly increased in the supplemented group except PGF2,, which showed a decrease ( p < 0.02).
DISCUSSION
In this study, we found 67% of screened CF patients to be deficient in 18:2, even though their diets provided an average of ? Weighted average of time 0-, 2-wk, 6-wk samples. * No significant trends noted in 0-to 6-month time interval using one-sided p.
t Pooled Kendall's 7 (17) is the weighted sum of (C -D) over the weighted sum of (C + D) where C is the within person concordant pairs, D, the discordant pairs.
40% total calories as fat. Oral supplementation with Microlipid did increase significantly both plasma % 18:2 and RBC % 18:2. It should be recognized that the supplement was taken with pancreatic enzyme replacement in the form of enteric coated microspheres which we have unequivocally shown to be more effective in promoting absorption than the enzyme powder preparations used previously (20) . The use of this type of enzyme plus compliance in taking Microlipid may explain why normalization of plasma and 18:2 levels was readily achieved in this study at a dose of approximately 0.45 g/kg/day of linoleate. Tissue levels of the compliant patient studied at autopsy showed twice the mean 18:2 level of nonsupplemented CF patients and within 1 SD of the pediatric normals except in psoas tissue. This confirmed the positive effect of oral linoleate supplementation and indicates that the large body pool of 18:2 can be normalized in CF patients with malabsorption. The effects of severe linoleic acid deficiency in animals have long been appreciated as the classical effects of EFA deficiency (21) . Major abnormalities include growth failure, a scaly dermatitis, impaired development of reproductive systems, and an increased basal metabolic rate. In addition, it has been observed that EFA-deficient mice show decreased resistance to bacterial infection and that chicks may show chronic respiratory disease associated with accumulation of tenacious, purulent exudate in secondary bronchi (22) . It has further been demonstrated (23) that EFA-deficient rats show marked changes in the fatty acid substructure of lung surfactant phospholipids, possibly leading to alveolar instability. The underlying cause of the above disorders is thought by some investigators to be a general alteration in membrane phospholipid structure (2 1,24) . Another possibility relates to altered PG production since linoleate and its elongation/desaturation product arachidonate are converted to a variety of these important compounds (25) . Meydani et al. (26) noted an 8-fold increase in PGF2,, 13-fold increase in PGE2, and an 1 1-fold increase in PGEI, in rat lungs when the animals were fed safflower oil. Since EFA are required for PG synthesis, it is reasoned that reduced availability of precursors might decrease the formation of these biologically active substances with widespread physiologic consequences.
In humans, EFA deficiency has been described by Hansen et al. (27) in infants who have desquamating skin lesions, poor wound healing, thrombocytopenia, increased susceptibility to infection, and poor growth. Chase et al. (5) described a 5-yr-old girl with CF with a scaly rash of the face which disappeared following linoleic acid supplementation. Other possible consequences could be expected in humans such as altered fatty acid metabolism and PG synthesis as well as membrane dysfunction. PGF2, and TxA2 are associated with bronchoconstriction and airway obstruction and could possibly be related to the pulmonary pathophysiology in CF. Chase and Dupont (6) found that patients with CF and low linoleic acid levels had increased PGF2,.
Lemen et al. (28) and Dubois et al. (29) have reported increased plasma and serum PGF2, concentration in CF individuals. On the other hand, Lloyd-Still et al. (30) found the mean PG levels to be in the normal range with a wide distribution of values. Thus, the role of PGs in the pathology of CF has been speculated upon, but the picture remains unclear.
Concern regarding the possible consequences of EFA deficiency in CF prompted Elliot (3 1) to attempt biochemical correction by intravenous infusion of soya oil emulsion (Intralipid) containing 56% linoleic acid. Although plasma 18:2 levels were not documented, Elliot (3 1) reported that the treatment led to improved growth, a decrease in the concentration of sodium in sweat, and a more benign course over 30 months of evaluationcompared to CF patients not receiving supplements. Beveridge (32) found reduced sweat chloride in two of four patients receiving intravenous supplements of Intralipid over a 2-yr period. Oral supplementation has been examined previously in several studies. Chase and Dupont (6) have shown that linoleic acid monoglyceride given with pancreatic enzymes is absorbed intact and can raise plasma linoleic acid levels in children with CF.
Rosenlund et al. (33) fed oral corn oil for at least 1 yr and noted a significant decrease in sweat sodium and an increase in levels of arachidonic acid whereas 18:2 increased 106% in the phospholipid fraction. Lloyd-Still et al. (7) fed oral safflower oil (1 g/ kg/day) to 11 CF patients for 1 yr, but was unable to correct 18:2 deficiency and or to produce a significant change in sweat chloride concentration or sweat rate; there was also no clinical improvement when compared to a control group. Chase et al. (34) , in a double-blind study of twice monthly infusions of Intralipid, found clinical improvement of the supplemented children when compared to controls; however, 2 wk after each infusion, plasma and RBC linoleic acid levels were not increased.
Landon et al. (35) concluded that oral hyperalimentation can restore EFA levels in patients with CF if adequate dietary calories are given to provide energy needs. Their patients received 230% of calories estimated as requirement for energy expenditure including 40% as fat. If the patients did not normalize their EFA levels on this diet, they then received an additional 5% of their caloric intake as linoleic acid monoglyceride. In the patients with normalized EFA levels, it was noted that there was an increase in weight and activity, and also regulation of menses in five adolescent girls. The relationship of plasma PG concentrations to physiologic factors in CF patients is unclear although possibly important because PGs may have very potent effects on all smooth muscle. Values obtained in this study for PG metabolites had large standard deviations. Certainly there was a trend upward in metabolite PGE, in supplemented patients. PGF2, remained unchanged over 1 yr but showed a trend significantly downward over the final 6 months in supplemented patients. PGF2, also showed a significant decrease in control patients with no change in PGE2. Thromboxane B2 showed increases in both groups. It is tempting to suggest that if linoleate levels were maintained in the normal range, over many years decreased PGF2, levels and increasing PGE2 levels could have a beneficial effect on airway function in CF patients since PGF2, causes bronchoconstriction and PGE2 bronchial relaxation. Much more data are needed, however, to make the above statement fact. No significant changes were noted in pulmonary function parameters, especially FVC and FEVl or chest x-ray during the study in supplemented patients to support a beneficial effect of changes in PG levels.
Over the year period of time, there was no change in total caloric intake or linoleate content of food in the supplemented patients. It is therefore tempting to ascribe the weight gain seen in nine of 13 supplemented patients to the addition of Microlipid to their daily caloric intake and the correction of 18:2 deficiency per se. These data are difficult to analyze as many of these patients are in the age range where an adolescent growth spurt could be expected. It is possible that there was also a psychologic influence on weight as patients were seen seven times during the I-yr period and considerable discussion focused on diet. As stated earlier, however, no significant change occurred in caloric intake over the year period of time. The ingestion of Microlipid caused no significant adverse effects on the supplemented patients as noted by monitoring platelet counts, cholesterol, triglycerides, and y glutamyl transferase. Evaluating oxygenation to assess for pulmonary diffusion abnormalities reported with Intralipid infusion, we found no change in percent oxygen saturation by ear oximetry.
Unlike Rosenlund et al. (33) and Beverage (32), we detected no significant change in sweat sodium and chloride values in the supplemented patients over the 1-yr study period. Our results corroborate those of Lloyd-Still et al. (30) .
In conclusion, biochemical correction of plasma, erythrocyte, and tissue linoleate levels by oral supplementation of patients with CF is possible. With a supplement providing 7% of calories as 18:2, there appears to have been a positive effect on growth and a possible positive effect on PG levels. The statement concerning PGs must be tempered by the fact that control values CORRECTION OF LINOLEIC ACID DEFICIENCY 4 1 also changed during the study period. This trial was not long enough to judge whether lung function was altered by the changes in fatty acid metabolism and PG metabolites. Whether this effect would continue over a longer period of supplementation needs to be delineated. Future directions which need to be explored in the area of linoleic acid therapy include the long-term effect and significance of supplementation on PGs, growth, and the pulmonary function of children with CF who develop deficiency of 18:2. Such a trial obviously needs to be continued for a prolonged period of time, possibly 5-10 yr. Age-and sex-matched nonsupplemented deficient and nondeficient patients are needed to serve as controls.
